Interest in insect baculoviruses has been stimulated by their potential as biological control agents and intensive research has focused on the improvement of their pesticidal properties by genetic engineering. Much of this effort has been directed at Autographa californica nucleopolyhedrovirus (AcMNPV). One approach taken has been the deletion of the AcMNPV egt gene. The egt gene product, ecdysteroid UDP-glucosyltransferase (EGT), catalyses the conjugation of insect ecdysteroid hormones with UDP-sugars (O'Reilly et al., I99I, 
1992). The inactivation of the host's ecdysteroids results in extended larval periods as moulting and pupation of infected insects are delayed or inhibited (reviewed in O'Reilly, 1995) . In final instar insects, egt expression can result in increased virus yields due to the lack of the feeding arrest normally associated with pupation (O'Reilly & Miller, 1991) . In addition, egt expression can prolong the life-span of the infected insect. An important consequence of these properties is that deletion of egt improves the pesticidal properties of the virus, resulting in reduced feeding and earlier mortality of the infected insect (O'Reilly & Miller, 1991) .
There are many baculoviruses other than AcMNPV that are important pesticides but are poorly characterized at the molecular level. Mamestra brassicae nucleopolyhedrovirus (MbMNPV) is one such virus. Mamestra brassicae is a common component of the UK lepidopteran fauna. MbMNPV has a limited host range among UK species as compared to AcMNPV (Payne, 1986; Doyle et aI., 1990) . It has been released in the UK on a large scale for the control of the pine beauty moth, Panolis flammea (Entwistle & Evans, 1987) . However, the molecular biology of this virus is poorly understood and polyhedrin is the only MbMNPV gene sequenced to date (Possee & Kelly, 1988; Cameron & Possee, 1989) . MbMNPV is therefore an attractive subject for both genetic analysis and recombinant studies with a view to future field studies. Here we describe the identification and characterization of MbMNPV egt.
Initial attempts to identify MbMNPV eg~ by hybridization with an AcMNPV probe were unsuccessful (data not shown). To concentrate on conserved regions of egt, several baculovirus EGTs were aligned (Fig. I ) and the following degenerate primers, complementary to conserved regions, were designed (lower-case letters denote additional residues included to facilitate cloning of the PCR product). EGT+517D, 5' gcgaattcGCNGAIAA(C/T)TT(C/T)GANAC 3'; EGT+ 1089D, 5' gcggatCCN(G/C)C(C/T)TGNGTNA(C/T)IAA 3'. PCR amplification of MbMNPV DNA using these primers yielded the expected amplification product of approximately 0"6 kbp, which hybridized specifically to the MbMNPV HindIII J and XhoI H fragments in Southern blot analyses (data not Fig. 1 . Alignment of amino acid sequences of baculovirus EGT proteins with human UDP-glucuronosyltransferase. The alignment was generated with the PILEUP program of the University of Wisconsin Genetics Computer Group package (version 8, 1994) . The downward pointing arrowhead indicates the signal sequence cleavage site in AcMNPV EGT. The upward pointing arrowheads show the residues that are identical in all UDP-glycosyltransferases. The regions used for the design of the degenerate primers for amplification of egt are overlined with the solid bar. The sequences aligned were as follows. Ac, Autographo califomica MNPV EGT (O'Reilly & Miller, 1990) ; Bm, Bombyx mori MNPV EGT (S. Maeda, unpublished data; GenBank accession no. L33I 80) ; Cf, Choristoneura fumiferana MNPV EGT (Barrett eta/., 1995) ; Op, Orgyia pseudotsugata MNPV EGT (Pearson et aL, 1993;  note that this sequence is incomplete) ; CfDef, defective CfMNPV EGT (Barrett et aL, 1995) ; Mb, Mamestra brassicoe MNPV EGT; Ld, Lymantria dispar MNPV EGT (Riegel et al., 1994) ; SI, Spodoptero littoralis MNPV EGT (Faktor et al., 1995) ; Humugt, human UDP-glucuronosyltransferase (Coffmann et al., 1990) . A consensus EGT sequence (Cons) is also presented, in which residues identical in all aligned EGT sequences are in upper-case, whereas residues shared by the majority of EGT proteins are in lower-case.
shown). Because further mapping indicated that the PCR product hybridized to the left end of the HindIII J fragment, 1"78 kbp of DNA from this end of the fragment was sequenced in both directions. Translation of the sequence revealed the presence of a potential open reading frame (ORF) of 528 codons, proceeding in a clockwise direction on the MbMNPV genome, that has considerable sequence similarity to other baculovirus EGTs (Fig. 1) .
EGT enzymes belong to a large family of UDP-glycosyltransferases that share considerable sequence similarity (O'Reilly, 1995) . In many cases, UDP-glycosyltransferases with quite divergent substrate specificities are more similar to each other at the amino acid sequence level than the putative MbMNPV EGT is to AcMNPV EGT. Thus, one cannot conclude that the MbMNPV ORF identified here encodes an EGT based on the sequence similarities alone. Instead, it is necessary to demonstrate directly that the putative MbMNPV EGT catalyses the conjugation of ecdysteroids with UDPsugars. To this end, we carried out a detailed analysis of the substrate specificity of the MbMNPV enzyme. Conjugation was observed when ecdysone, 20-hydroxyecdysone or 26-hydroxyecdysone was used as substrate (Fig. 2a) . We also found that MBMNPV EGT can use either UDP-galactose or UDP-glucose as sugar donor (data not shown). These specificities match closely the substrate specificity of AcMNPV EGT , confirming that MbMNPV encodes a true EGT. MbMNPV EGT is only the second EGT whose biochemical properties have been characterized to this extent. The fact that the substrate specificities of MbMNPV and AcMNPV EGT are identical confirms that observations made for AcMNPV EGT can be extended to other baculoviruses.
To confirm that the sequenced ORF actually encodes the EGT enzyme detected in the assays, the plasmid pBREGT, which contains MbMNPV sequences from the HindlII site immediately upstream of the putative egt to a SalI site 4 kbp downstream, was transfected into SF2I cells. The cell culture fluid was assayed for EGT activity 4 days later but no activity was detected (Fig. 2 b, lane 9) . Since pBREGT only includes 148 bp of sequence upstream from the egt initiation codon, the experiment was repeated with a plasmid carrying the XhoI H fragment of MbMNPV (pMbXhoH), which has approximately 2 kbp of upstream sequences. Again, no activity was observed (Fig. 2 b, lane 7) . The plasmid pUCBCPsB, encoding AcMNPV EGT (O'Reilly & Miller, I990), was included as a positive control in these experiments. The egt gene was previously classified as an immediate early gene based on inhibitor studies during infection (O'Reilly & Miller, 1990) . Hence, we expected to detect EGT activity when pUCBCPsB was transfected alone into insect cells. Surprisingly, no activity was detected in this sample either (Fig. 2 b, lane 5) suggesting that the egt promoter requires transactivation in transient expression experiments. To test this, pUCBCPsB was cotransfected into SF21 cells with vEGTDEL, an AcMNPV recombinant that lacks egt, but that should express all the required transactivating factors (O'Reilly et aI., 1991). Activity was dearly detected in this sample (Fig.  2b, lane 4) . Because an egt-deficient MbMNPV is not yet available, we attempted to transactivate the MbMNPV egt gene with vEGTDEL. EGT activity was detected following cotransfection of either pMbXhoH or pBREGT with vEGTDEL (Fig. 2b, lanes 6 and 8 respectively) . These experiments demonstrate that the plasmids pBREGT and pMbXhoH carry a functional egt gene and further, that this gene can be transactivated by AcMNPV. The identity of the transactivating factor(s) is not known, but the transient expression protocol used above will provide a powerful assay system for their identification.
:86~ Both pBREGT and pMbXhoH carry substantial portions of viral DNA in addition to the putative egt ORF identified above.
To establish without doubt that the sequenced gene encodes EGT, the ORF was disrupted by site-specific mutagenesis.
There is a KpnI site within MbMNPV egt that is unique in the plasmid pBREGT. Thus it was cleaved with KpnI, the overhanging ends removed and the plasmid religated. The resulting plasmid, designated pBREGTk-, has a 4 bp deletion within egt. No activity was observed following cotransfection of this plasmid and vEGTDEL into SF2I cells (Fig. 2 b, lane 10) , confirming that the sequenced ORF encodes the EGT activity. Available EGT amino acid sequences are aligned with a human UDP-glucuronosyltransferase (Coffman et al., 1990) in Fig. 1 . All the baculoviral EGT sequences display considerable homology throughout their length. We have previously compared baculoviral EGT proteins with other UDP-glycosyltransferases (O'Reilly, 1995) and identified eight amino acid residues that are identical in all members of this protein family. These residues are all conserved in MbMNPV EGT (Fig. I ).
MbMNPV and Spodopfera littoralis (SI)MNPV EGTs appear to
have N-terminal extensions relative to the other proteins. However, in both cases there are internal methionine residues that correspond more closely to the N-ternlinal methionine of the other EGTs. In the case of MbMNPV, a canonical TATAbox sequence is present 44 nt upstream of the internal ATG, suggesting that this represents the authentic N terminus of the protein.
AcMNPV EGT is secreted and has an N-terminal signal sequence that is cleaved from the mature enzyme (O'Reilly et d., I992). The aIignment suggests that all these proteins are secreted. All possess hydrophobic sequences resembling signal peptides at their N termini. Furthermore, the degree of homology between these proteins is markedly higher immediately after the potential cleavage site than within the signal sequence. Finally, all these proteins lack the polar sequence found at the C terminus of mammalian UDPglucuronosyltransferases that acts as a membrane anchor (O'Reilly, 1995) . In the present study, we have shown that MbMNPV EGT can be detected in the extracellular fluid of infected or transfected cells (Fig. 2) .
After polyhedrin/granulin, more egt genes have now been sequenced than any other baculovirus gene. It was therefore of interest to generate a baculovirus phylogeny based on EGT and compare this to existing phylogenies based on poly-!86~ Ecdysteroid Polyhedrin UDP-glucosyltransferase Fig. 3 . Phylogenetic analysis of NPVs. (a) Phylogeny based on EGT protein sequences. The tree was generated using maximum parsimony and is rooted on a human UDP-glucuronosyltransferase. Boxed figures represent the percentage support for a particular node after 1 O0 bootstrap replicates were performed. Unboxed figures represent branch length as a percentage of tree length. Group I and II viruses are indicated. The EGT sequences used were as in Fig. 1 with the addition of Spodoptera exigua (Se)NINPV (J. Vlak, unpublished data). However, several regions in which homologous amino acid positions could not be unambiguously identified were excluded so that the total length of the alignment was 428 amino acids. (b) Maximum parsimony trees generated from EGT and polyhedrin nucleotide sequences. The trees are unrooted. The length of the alignment used for the EGT sequences was reduced to 759 nt (253 amino acids) to exclude sequence information corresponding to the undetermined part of the OpNINPV egt gene. The polyhedrin data set was 720 nt. The top figure in each box indicates the percentage support for a particular node after 1 O0 bootstrap replicates were performed, whereas the central and lower figures demonstrate support for the same topology when bootstrapping with the neighbour-joining and protein parsimony approaches (also with 1 O0 replicates). Unboxed figures represent branch lengths as a percentage of the total tree length. The sources of the polyhedrin sequences used were as follows: AcNINPV (Ayres et al., 1994) ; BmNINPV (latrou et al., 1985) ; OpMNPV (Leisy et al., 1986) ; MbI'4NPV (Cameron & Possee, 1989) ; LdMNPV (Smith et al., 1988) ; SIMNPV (unpublished, GenBank accession no. DO1017).
hedrin/granulin. The tree presented in Fig. 3 (a) was generated using the maximum parsimony approach (Swofford, 1991) . It suggests that nucleopolyhedroviruses (NPVs) can be subdivided into at least two distinct clades, but with Lymantria dispar (Ld)MNPV and SIMNPV not belonging to either (Fig.  3a) . Barrett et al. (1995) have also published an EGT-based phylogeny, but with two fewer sequences (MbMNPV and S1MNPV) than used here. These EGT phylogenies are broadly similar to that generated using polyhedrin (Zanotto et al., 1993) . Thus, we propose that egt was present in the ancestral baculovirus genome before these viruses diverged and is likely to be present in all baculoviruses. However, we note one significant difference between the EGT and polyhedrin phylogenies. Bombyx mori (Bm)MNPV EGT is in a sister clade with AcMNPV EGT whereas the polyhedrin phylogeny groups Orgyia pseudotsugata (Op)MNPV and BmMNPV (Zanotto et aI., 1993) . To confirm that there is a difference between these phylogenies, we compared polyhedrin and EGT trees, based on both nucleotide and amino acid sequences, including only viruses for which the sequences of both genes are available (Fig. 3 b) . Both maximum parsimony and neighbour-joining approaches (with a variety of transversion:transition ratios and sequence addition options) were used (Felsenstein, 1989) , and the robustness of particular topologies was assessed by bootstrap resampling. There is very strong support for distinct phylogenies (Fig. 3b) . To determine which is the more authentic baculovirus phylogeny, we examined several other genes that have been sequenced in AcMNPV, BmMNPV and OpMNPV. The plO genes of AcMNPV and BmMNPV are 94% identical, with OpMNPV being more divergent (57"5 % identity with AcMNPV). Similarly, the AcMNPV and BmMNPV it-1 genes are almost identical (95"3% identity), with the OpMNPV gene being less closely related (63% identity with AcMNPV). Thus, the EGT-based phylogeny, grouping AcMNPV and BmMNPV, is more representative of the relatedness of other genes shared by these viruses.
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One plausible explanation for the anomalous position of AcMNPV on the polyhedrin-based tree is that it acquired its polyhedrin gene by recombination with another unidentified baculovirus. It is well established that recombination between baculoviruses can occur in laboratory experiments in cell culture or in insects (Croizier et al., 1988; Kondo & Maeda, 1991; Crook et al., 1993) and there has been much speculation that such recombination events may take place between baculoviruses in the wild. Our observations emphasize that one should consider the possibility of horizontal gene transfer in the evolution of these viruses. They also underline the importance of examining more than one gene family when trying to assess phylogenetic relationships among the group.
Apart from AcMNPV position, the EGT and polyhedrin phylogenies are in good agreement. Both show two well supported clades of NPVs with MbMNPV clearly being a type II virus. LdMNPV and S1MNPV do not appear to be either type 1 or type II viruses so that currently there seems to be four, approximately equally related, groups of NPVs.
MbMNPV egt therefore represents the first published egt sequence of a type II NPV.
The definitive proof that the gene we have characterized represents the active egt was the demonstration that its disruption eliminates EGT activity in transient expression experiments (Fig. 2b) . This mutant will now facilitate the disruption of the MbMNPV genomic egt. By developing an egt-deficient MbMNPV we aim to investigate the effect that possession of egt confers on virus fitness by a combination of laboratory, field and theoretical studies.
